Objectives. Local administration of 3-nitropropionic acid (3-NP) to the inner ear induces sensorineural hearing loss. Several studies have shown the otoprotective effects of ginkgo biloba extract EGb 761. Moreover, EGb 761 has been reported to activate Sirtuin 1 (SIRT1). The present study was designed to investigate whether EGb 761 prevents 3-NPinduced sensorineural hearing loss and determine its effects on the expression of SIRT1.
INTRODUCTION
A natural toxin is produced by some fungal species, 3-nitropropionic acid (3-NP), irreversibly inhibits succinate dehydrogenase, which is a major component of the mitochondrial electron transport chain complex II [1, 2] . The administration of 3-NP can cause several organ dysfunctions. The mechanisms involved in 3-NP-induced organ damage are the generation of superoxide radicals and proinflammatory cytokines, glutamate-induced toxicity, and apoptosis [3] [4] [5] . The former, generation of superoxide radicals and proinflammatory cytokines, directly activates nuclear factor-κB, inducing cell death [6, 7] .
At first, 3-NP has been used to study brain diseases, including Huntington disease, as systemic administration of 3-NP in a rat model was reported to produce selective striatal lesions, showing characteristics of Huntington disease [8] . Then, Hoya et al. [9] reported that local administration of 3-NP to the inner ear of rats induced sensorineural hearing loss (SNHL) in a concentration-dependent manner. This animal model has been used to understand the mechanisms for SNHL, such as age-related hearing loss, noise-induced hearing loss, and idiopathic sudden SNHL that are associated with mitochondrial dysfunction [10, 11] .
Ginkgo biloba extract EGb 761 is a well-known antioxidant. Several studies have shown the otoprotective effects of EGb 761 [12, 13] . Moreover, EGb 761 has been reported to activate Sirtuin 1 (SIRT1), an nicotinamide adenine dinucleotide-dependent deacetylase with protective effects against apoptosis caused by oxidative and toxic stress [7, 14, 15] . SIRT1 modulates NF-κB signaling by deacetylating Lys310 of subunit p65 and prevents cell death [16] . In addition, SIRT1 blocks apoptosis through deacetylation of p53 [14, 15] . In a study using C57BL/6 mice, SIRT1 was reported to be abundantly expressed in the inner ear, including hair cells, fibrocytes of the spiral ligament, strial intermediate cells, strial marginal cells, and spiral ganglion cells, and decrease as loss of hearing and hair cells progressed [17] . Therefore, it has been suggested that SIRT1 may play a crucial role in the maintenance of cochlear function.
In the present study, we have investigated whether EGb 761 prevents 3-NP-induced SNHL and determined the effects of EGb 761 on SIRT1 expression.
MATERIALS AND METHODS

Animals
Seven-week-old male Sprague Dawley rats, with weight ranging from 180 to 222 g, were used for this study. Each animal was acclimatized to the laboratory conditions for 1 week before the start of the experiment. All animal experimental protocols were approved by the Institutional Animal Care and Use Committee of Clinical Research Institute of Seoul National University Hospital, which is accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care International (IA-CUC No. 2016-0035).
At the beginning of the experiment, there was no middle ear infection in all rats. Rats were randomly divided into four experimental groups, with six rats in each group: control group receiving vehicle (saline: pH 7.4, 50 µL) of 3-NP, EGb group receiving EGb 761 (40 mg/kg), 3-NP group receiving 3-NP (500 mM, 50 µL), and EGb+3-NP group receiving EGb 761 (40 mg/kg) and 3-NP (500 mM, 50 µL). EGb 761 was administered orally via gavage for 5 days after the baseline auditory brainstem responses (ABRs) were recorded. The administration of 3-NP or vehicle of 3-NP was performed by an intratympanic injection at 3 days after the baseline ABRs.
Systemic administration of EGb 761
EGb 761 (Ginexin; SK Chemical, Seoul, Korea) was mixed with water and orally provided at a dose of 40 mg/kg for 5 days.
3-NP intratympanic injection
Prior to the injection, each animal was anesthetized with 40 mg/kg IM of Zoletil (Zoletil 50; Virbac, Bogota, Columbia) and 10 mg/kg IM of xylazine (Rompun; Bayer-Korea, Seoul, Korea). At 500 mM, 3-NP (Sigma, St. Louis, MO, USA) was dissolved in saline (pH 7.4). A 50 µL of 3-NP solution was injected into the left tympanum, using a 1 mL syringe with a 26-gauge spinal needle 3 days after the administration of EGb 761. The right cochlea was destroyed surgically to prevent cross-hearing during ABR recording, as previously described [9] .
Auditory brainstem response measurement
The hearing of the left ear of all animals was estimated by ABRs before treatment. Animals were anaesthetized with 40 mg/kg IM of Zoletil and 10 mg/kg IM of xylazine. All experimental procedures were performed in an acoustically insulated booth. The platinum needle electrodes were placed subcutaneously on the vertex (positive), ipsilateral (negative), and contralateral (ground) ear. The Intelligent Hearing Systems (Miami, FL, USA), employing IHS high-frequency transducers (HFT9911-20-0035) and IHS high-frequency software (ver. 3.30), was used to measure ABRs. Three tone-burst sounds of 8, 16, and 32 kHz were applied as the sound stimuli (1,562 μm duration, CoS shaping, 21 Hz). It was measured whether the impedance between the electrodes was less than 2 kΩ or not, before acquiring the electroencephalography signal. The responses were amplified (100,000×) and band pass-filtered (100-1,500 Hz). Then, the responses at each intensity level were averaged for 512 sweeps. The intensity level of stimuli went down from 90 dB sound pressure level (SPL) to 10 dB SPL, by 5 dB SPL. ABR recordings were interpreted by one audiologist, who had no information about the experiment. The lowest intensity level of stimuli that showed a reliable waveform in the ABR trace was deterThe administration of 3-nitropropionic acid (3-NP) through the tympanic membrane induced sensorineural hearing loss successfully.
The administration of EGb 761 contributed to hearing protection against 3-NP. To analyze the change of hearing levels, we calculated the threshold shift, which was defined as the subtraction of the baseline threshold from each of the posttreatment thresholds. Sequentially, a positive threshold shift meant a deterioration of the hearing level.
Histopathology and immunohistochemistry
At 4 weeks after the administration of 3-NP or vehicle of 3-NP, animals were anesthetized deeply with Zoletil and xylazine, and sacrificed. The left cochleae were harvested and fixed with 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS). The cochleae were immersed in the fixative overnight at 4°C and rinsed in 0.1 M PBS containing 10% sucrose for 1 hour. They were then decalcified with Calci-Clear Rapid (National Diagnostics, Atlanta, GA, USA) for 6 hours at room temperature and washed with PBS. Lastly, they were rinsed in 0.1 M PBS with 10% sucrose, 20% sucrose, and 30% sucrose for 1 hour at room temperature, in regular order, and embedded with optimum cutting temperature compound (Sakura, Torrance, CA, USA). Then, frozen blocks were cut into 10-µm-thick sections and stained with hematoxylin and eosin for histopathology.
The basal turn of cochlea was occupied by tissue reaction and inappropriate to count fibrocytes and spiral ganglion cells. Therefore, the second turn of the cochlea was used to count the cells. Type II fibrocytes in the spiral ligament and spiral ganglion cells were counted, using an integrated microscopic counting chamber that delineated the area of interest by a square of 2,500 µm 2 and 10,000 µm 2 , respectively. The average cell counts of type II fibrocytes and spiral ganglion cells from two×2,500 µm 2 and 10,000 µm 2 of each spiral ligament and spiral ganglion, respectively, were used for statistical analysis.
For immunohistochemistry, the sections were preincubated with the blocking solution (0.3% hydrogen peroxide in PBS) for 5 minutes to block endogenous peroxidase, following PBS washing. After 2% bovine serum albumin for 30 minutes, the sections were incubated with the primary antibody-rabbit anti-SIRT1 antibody (1:500, Sigma)-overnight at 4°C. Then, the sections were incubated with the secondary antibody-biotinylated sheep anti-rabbit antibody (1:200, Sigma)-at room temperature for 40 minutes. After rinsing with PBS, the sections were incubated with streptavidin-peroxidase (Sigma) at room temperature for 30 minutes. Lastly, diaminobenzidine chromogen was administered for visualization. The control experiments were performed without the primary antibody to confirm the lack of nonspecific binding of the secondary antibody. Sections were counterstained with hematoxylin and viewed using light microscopy. The second turn of the cochlea was used to count immunoreactive cells. Immunoreactive cells were counted in the spiral ligament and spiral ganglion cells, using the aforementioned method. Then, the percentage of immunoreactive cells in viable cells was calculated.
Statistical analysis
IBM SPSS ver. 21.0 (IBM Corp., Armonk, NY, USA) was used for statistical analyses. ABR threshold shifts were analysed using repeated measures analysis of variance (ANOVA). Post-hoc testing reported the Bonferroni procedure, including the mean difference (M), standard error (SE), and probability (P). Histological analyses were performed using one-way ANOVA. Post-hoc testing reported the Bonferroni procedure, including M, SE, and P.
RESULTS
ABR threshold shifts
Before the administration of materials, there was no significant difference of ABR thresholds among the four groups. Comparisons of ABR threshold shifts postadministration of materials were made (Fig. 1) . The influence of treatment over 4 weeks was explored by performing repeated measures ANOVA with ABR threshold shifts across time as a repeated measure (2 and 4 weeks) and treatment groups and stimulus frequency as fixed factors. Threshold shifts did not change over time and frequency (P =0.364 and P =0.261, respectively). There was a significant difference of threshold shifts among the groups (P<0.001). In a comparison of ABR threshold shifts between control (M=0.0, SE=0.9 dB) and 3-NP (M=-46.1, SE=1.0 dB) group, the latter group showed significantly greater shifts (P<0.001). EGb group (M=7.5, SE=0.9 dB) showed significantly lower threshold shifts than control group (P=0.018). In a comparison of ABR threshold shifts between EGb+3-NP and 3-NP group, the threshold shifts in EGb+3-NP group (M=-27.2, SE=1.9 dB) were significantly lower (P<0.001).
Histological analysis of type II fibrocytes in the spiral ligament and spiral ganglion cells after 3-NP administration (Fig. 3) .
Expression of SIRT1 protein in the spiral ligament and spiral ganglion
Immunohistochemistry was conducted to determine whether SIRT1 protein was present in the spiral ganglion and type II fibrocytes in the spiral ligament (Fig. 4) fibrocytes in control, EGb, 3-NP, and EGb+3-NP groups were 43.1%±18.9%, 76.9%±14.4%, 18.0%±29.0%, and 72.6%± 21.4%, respectively (Fig. 5) a mitochondrial dysfunction through the inhibition of succinate dehydrogenase, inducing selective striatal pathology in the brain of rodents [8] . In 2004, 3-NP was reported to induce SNHL in rats [9] . Similar to the action in the brain, 3-NP has been established to induce mitochondrial dysfunction via the depletion of mitochondrial ATP in the cochlea, leading to cochlear energy failure and resulting in the degeneration of fibrocytes in the spiral ligament and spiral ganglion cells [9, 18] . Fibrocytes and spiral ganglion cells play crucial roles in hearing. In particular, fibrocytes are essential for the maintenance of the endolymphatic potential, which is a fundamental condition for normal hearing [10] . This process requires many active ion channels, transporters, and pumps [10] . Sequentially, fibrocytes contain numerous mitochondria and are vulnerable to 3-NP. The loss of fibrocytes in the spiral ligament has been reported to be the culprit of several types of hearing loss, including age-related and noise-induced hearing loss in a mouse model [19, 20] . Therefore, several researchers have used a 3-NP-induced hearing loss model to evaluate the mechanism of SNHL and develop otoprotective medicine [9, 11] . Moreover, in this present study, a 3-NP-induced hearing loss model was used to investigate the otoprotective effects of EGb 761.
Most researchers applied 3-NP into the cochlea by inserting microcannula through the round window or cochleostomy site [9, 11] . Although this method can apply an accurate dose of 3-NP, it can cause unnecessary cochlear damage, which can lead to a confusion of the exact effect of 3-NP. Another method was suggested by Tian et al. [18] , who applied 3-NP through the tympanic membrane without cochleostomy or round window penetration. Through this method, SNHL was successfully induced without additional cochlear damage. In the present study, we also applied 3-NP through the tympanic membrane. SNHL was successfully induced, and fibrocytes in the spiral ligament and spiral ganglion cells in 3-NP group decreased. The administration of 3-NP through the tympanic membrane seems to be effective in inducing SNHL.
The underlying mechanisms of EGb 761 have been suggested as follows: increase in blood supply by vasodilation, antagonism of platelet activating factor, and antioxidant effects [7, 21, 22] . In addition to these effects, it has also been reported that EGb 761 stabilizes mitochondrial respiratory chain function [23] and protects against 3-NP-induced brain toxicity [24] . Although the protective effect of EGb 761 against 3-NP-induced hearing loss has not been reported yet, the otoprotective effect of EGb 761 Fig. 5 . The mean cell counts (A) and proportion (B) of SIRT1 immunoreactive type II fibrocyte. Three-NP group showed significantly lower SIRT1 immunoreactive type II fibrocytes than control, EGb, and EGb+3-NP groups (P <0.001, P =0.007, and P =0.011, respectively). The proportion of SIRT1 immunoreactive type II fibrocytes in 3-NP group was significantly lower than EGb and EGb+3-NP groups (P =0.001 and P <0.001, respectively). The mean cell counts (C) and percentage (D) of SIRT1 immunoreactive spiral ganglion cell. Three-NP group showed significantly lower SIRT1 immunoreactive spiral ganglion cell than control, EGb, and EGb+3-NP groups (P <0.001, P <0.001, and P =0.011, respectively). The proportion of SIRT1 immunoreactive spiral ganglion cells in 3-NP group was significantly lower than EGb+3-NP group (P =0.009). Error bar is a standard error. SIRT1, Sirtuin 1; 3-NP, 3-nitropropionic acid. *Statistically significant difference between the two groups (P <0.05). has been shown under several conditions, including ototoxic drug, noise, and aging [25] [26] [27] . Therefore, we hypothesized that EGb 761 had an otoprotective effect against 3-NP-induced hearing loss. In this study, ABR threshold shifts in EGb+3-NP group were significantly lower than in 3-NP group. There has been a significant preservation of fibrocytes in the spiral ligament and spiral ganglion cells in EGb+3-NP group than in 3-NP group. The administration of EGb 761 might contribute to hearing protection against 3-NP through the preservation of fibrocytes and spiral ganglion cells.
The role of SIRT1 was reported as the mechanism of protective effects of EGb761 [7] . Longpre et al. [7] reported that EGb 761 activated SIRT1 in neuronal cells, which deacetylated Lys310 of subunit p65. This leaded to the reduction of NF-kB activity, resulting in the protection of neuronal cells. In addition, SIRT1 expression in the cochlea has been reported to be related with hearing loss [17, 28] . We focused on SIRT1 among the several molecular mechanisms of EGb 761 against neurotoxicity. SIRT1 is an nicotinamide adenine dinucleotide-dependent deacetylase, which controls mitochondrial biogenesis, inflammatory pathways, and apoptosis [14, 15] . At the molecular level, SIRT1 prevents cell death through deacetylation of p65 and p53 [14, 15] . SIRT1 has been shown to be associated with the prevention of several diseases, such as Alzheimer disease, cancer, and type 2 diabetes [29] . With respect to hearing, SIRT1 is expressed in the inner ear of mice, including hair cells, spiral ganglion cells, and fibrocytes of the spiral ligament. SIRT1 expression is diminished as hearing loss progresses [17, 28] . Moreover, it has also been suggested that SIRT1 may play a crucial role in the maintenance of cochlear function [17, 28] . In this study, SIRT1 expressions in fibrocytes and spiral ganglion in EGb and EGb+3-NP groups were significantly higher in than 3-NP group. The percentage of SIRT1 immunoreactive fibrocytes and spiral ganglion over viable cells showed the same tendency. However, there was no significant difference of SIRT1 expressions between control and EGb group. Sequentially, 3-NP appears to reduce SIRT1 expression, while EGb 761 seems to preserve SIRT1 expression, rather than upregulating it in the cochlea. The maintenance of SIRT1 expression by the administration of EGb 761 may contribute to hearing protection in a 3-NP-induced hearing loss model.
The present study had some limitations. First, small numbers of animals were used. Second, the status of cochlear hair cells was investigated with cross-sectional findings of cochleae instead of cochlear surface preparation. Cross-sectional histological study of cochleae permits a better observation of inner and outer hair cells; however, this technique does not enable a quantitative evaluation of cochlear hair cell loss. Nevertheless, cochlear hair cells in EGb+3-NP group showed the tendency to be more preserved than those in 3-NP group. Third, the otoprotective mechanism of EGb 761 was not investigated sufficiently. The significant hearing recovery in the EGb-treated 3-NP group might have resulted from the functional restoration of the fibrocytes in the spiral ligament, spiral ganglion cells, and hair cells in organ of Corti. And, the protection and regeneration of those cells might be one of important rescue methods against hearing loss by mitochondrial dysfunction. Additional studies for intracochlear effect of EGb 761 would reveal the mechanism of otoprotection by EGb 761 in the future.
The systemic application of EGb 761 showed a significant hearing preservation in an acute ototoxic animal model induced by 3-NP. These effects might be attributed to the protection of fibrocytes in the spiral ligament and spiral ganglion cells, which appears to be related with SIRT1 expression. Further studies are needed to investigate roles of SIRT1 in various ototoxic models.
